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A B S T R A C T  

S e v e r a l  l i g a n d - c o n t a i n i n g  v i n y l  polymer s y s t e m s  were 
s e l e c t e d  f o r  e v a l u a t i o n  as  b a t t e r y  s e p a r a t o r  mater ia l s  t h a t  
would b e  u s a b l e  i n  heat  s t e r i l i z a b l e  Ag-Zn b a t t e r i e s .  These 
l i g a n d  polymers  are  p r e p a r e d  by two g e n e r a l  p r o c e d u r e s :  (1) 
c o p o l y m e r i z a t i o n  o f  v i n y l  l i g a n d  monomers to form polymers  
h a v i n g  b i d e n t a t e  c h e l a t e  f u n c t i o n a l i t y ,  and ( 2 )  d i r e c t  s u b s t i t u -  
t i o n  o f  l i g a n d  g r o u p s  on a p r e e x i s t i n g  polymer backbone.  O f  
t h e  28 polymers  t e s t e d  f o r  s t a b i l i t y  i n  4 0 %  KOH a t  135°C t h u s  
f a r ,  s e v e r a l  t y p e s  have  shown h i g h  r e s i s t a n c e  to d e g r a d a t i o n  by 
40% KOH a t  135°C a f t e r  6 0  hours  e x p o s u r e .  The  most p r o m i s i n g  
mater ia ls  were copolymers  o f  2 - v i n y l p y r i d i n e  w i t h  e i t h e r  
a c r y l i c  o r  m e t h a c r y l i c  a c i d ,  and polymers  c o n t a i n i n g  l i g a n d  
g r o u p s  s u b s t i t u t e d  on a p o l y s t y r e n e  backbone t h r o u g h  a methylene  
g r o u p .  Polymers  t ha t  show h igh  s t a b i l i t y  i n  40% KOH i n  o u r  
f i r s t  p h a s e  t e s t s  are  now be ing  made i n t o  membranes f o r  compre- 
h e n s i v e  e v a l u a t i o n  as b a t t e r y  s e p a r a t o r s .  I n i t i a l  t e s t s  i n d i c a t e  
t h a t  membranes p r e p a r e d  by t h e  i n  s i t u  s a p o n i f i c a t i o n  o f  
2 - v i n y l p y r i d i n e - m e t h y l  a c r y l a t e  copolymers  have b o t h  a c c e p t a b l e  
e l e c t r i c a l  r e s i s t a n c e s  ( %  1 0 0  ohm-cm) and u s a b l e  mechan ica l  
t o u g h n e s s .  
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I. I N T R O D U C T I ON 

The p r i m a r y  o b j e c t i v e  of t h i s  program i s  t h e  development  o f  
b a t t e r y  s e p a r a t o r  materials t h a t  w i l l  f u n c t i o n  s a t i s f a c t o r i l y  i n  
a sealed Ag-Zn secondary  b a t t e r y  f o l l o w i n g  heat  s t e r i l i z a t i o n  a t  
1 3 5 O C .  T h i s  s e p a r a t o r  material  s h o u l d  have  t h e  f o l l o w i n g  c h a r a c -  
t e r i s t i c s :  

1. High a d s o r p t i o n  o f  e l e c t r o l y t e  and w e t t a b i l i t y .  
2 .  Low e l e c t r i c a l  r e s i s t i v i t y .  
3.  Low p e r m e a b i l i t y  f o r  Ag and Zn complex i o n s  i n  t h e  

4. Good chemica l  s t a b i l i t y  i n  4 0 %  KOH c o n t a i n i n g  

5. Mechanica l  s t r e n g t h  and f l e x i b i l i t y  a t  ambient  

e l e c t r o l y t e .  

d i s s o l v e d  s i l v e r  i o n  s p e c i e s  a t  135°C. 

t e m p e r a t u r e  and a t  135OC i n  4 0 %  KOH. 

S e v e r a l  t y p e s  o f  l i g a n d - c o n t a i n i n g  v i n y l  po lymers  have 
been s e l e c t e d  as c a n d i d a t e s  f o r  t h i s  p u r p o s e .  ,These polymers  
have t h e  u n i q u e  a b i l i t y  t o  r e s t r i c t  metal i o n  m i g r a t i o n  i n  t h e  
c e l l  by  c h e l a t i o n  o f  these i o n s  i n  t h e  form of o l a t e d  complexes.  

Our program has been  d i v i d e d  i n t o  t h e  f o l l o w i n g  f o u r  phases:  

1. P r e p a r a t i o n  o f  model l i g a n d - c o n t a i n i n g  po lymers .  
2. S c r e e n i n g  o f  t h e  model po lymers  f o r  thermal 

3.  P r e p a r a t i o n  o f  copolymers  and  membranes u s i n g  

4. Comprehensive e v a l u a t i o n  of  our b e s t  membranes 

s t a b i l i t y  a t  1 3 5 O C  and f o r  h y d r o l y t i c  s t a b i l i t y  
i n  40% KOH a t  1 3 5 O C .  

polymer u n i t s  tha t  showed h i g h  s t a b i l i t y  i n  o u r  
s c r e e r i i n g  t e s t .  

as b a t t e r y  s e p a r a t o r s .  

Dur ing  t h i s  f i r s t  r e p o r t  p e r i o d ,  o u r  s p e c i f i c  o b j e c t i v e s  
were t o :  

1. 

2.  

3.  

P r e p a r e  l i g a n d - c o n t a i n i n g  polymers  by s u b s t i t u t i o n  
o f  l i g a n d  g roups  on p o l y s t y r e n e  and  by c o p o l y m e r i z a t i o n  
o f  monomers t h a t  form a l i g a n d  group i n  a 1:l 
copolymer.  
S c r e e n  these l i g a n d  polymers  f o r  thermal  s t a b i l i t y  
a t  135'C and f o r  s t a b i l i t y  i n  40% KOH a t  135OC. 
S t a r t  p r e p a r a t i o n  o f  copolymer s y s t e m s  based on 
u n i t s  found t o  have  t h e  r eq .u i r ed  s t a b i l i t y  i n  
t h e  s c r e e n i n g  t e s t s .  

1 



11. S U M M A R Y  

S e v e r a l  t y p e s  of  l i g a n d - c o n t a i n i n g  v i n y l  po lymers  have  been 
s e l e c t e d  f o r  development  as h e a t  s t e r i l i z a b l e  Ag-Zn b a t t e r y  
s e p a r a t o r s .  These polymers  have t h e  a b i l i t y  t o  r e s t r i c t  metal 
i o n  m i g r a t i o n  i n  t h e  c e l l  by c h e l a t i o n  o f  these  i o n s  as o l a t e d  
complexes .  

The f o l l o w i n g  two g e n e r a l  methods have  been used  t o  p r e p a r e  
t h e  l i g a n d - c o n t a i n i n g  po lymers :  (1) D i r e c t  s u b s t i t u t i o n  o f  
l i g a n d  g r o u p s  o n t o  a n  e x i s t i n g  polymer backbone s u c h  as po ly -  
s t y r e n e .  T h i s  method i s  t h e  mos t  v e r s a t i l e  i n  t h a t  a l a r g e  
s e l e c t i o n  of l i g a n d s  can  be  i n c o r p o r a t e d  i n t o  polymers  by r e l a t i v e l y  
s i m p l e  s y n t h e t i c  p r o c e d u r e s .  However, w e  have  found t h a t  i n  many 
c a s e s  a minor  amount o f  c r o s s l i n k i n g  o c c u r s  as a s i d e  r e a c t i o n ,  
r e n d e r i n g  t h e  polymer i n s o l u b l e  and i n t r a c t a b l e  for o u r  p u r p o s e s .  
Most s u c c e s s  w i t h  t h i s  method h a s  been i n  s u b s t i t u t i o n  o f  l i g a n d s  
on p o l y s t y r e n e  t h r o u g h  a methylene  l i n k a g e .  

The second method o f  p r e p a r a t i o n  o f  l i g a n d - c o n t a i n i n g  
polymers  i n v o l v e s  c o p o l y m e r i z a t i o n  o f  two v i n y l  l i g a n d  monomers 
t o  form c h e l a t i n g  g r o u p s  a l o n g  t h e  v i n y l  polymer c h a i n .  Good 
c o n t r o l  o f  p r o d u c t  c o m p o s i t i o n  i s  o b t a i n e d  u s i n g  t h i s  method. 

I n  t h e  f i rs t  p a r t  o f  our  program 28 polymers  were t e s t e d  f o r  
‘their therma1’’and h y d r o l y t i c  s t a b i l i t y  - i n  40%-XO€i a t  135OC. The 
e x t e n t  o f  any d e g r a d a t i o n  t ha t  o c c u r r e d  i n  these  t e s t s  was 
d e t e r m i n e d  by a compar ison  o f  t h e  sample w e i g h t ,  i n f r a r e d  s p e c t r a ,  
s o f t e n i n g  p o i n t ,  s o l u b i l i t y  and s p e c i f i c  v i s c o s i t y  o f  t h e  polymers  
b e f o r e  and a f t e r  e x p o s u r e .  The ma jo r  c o n c l u s i o n s  t h a t  can  b e  
drawn f rom t h e s e  tests are  as f o l l o w s :  

1. 2 - V i n y l p y r i d i n e  a c r y l i c  a c i d  and 2 - v i n y l p y r i d i n e  
m e t h a c r y l i c  a c i d  copolymers  are  h i g h l y  r e s i s t a n t  
t o  4 0 %  KOH a t  1 3 5 O C .  These t y p e s  o f  copolymers  
are  of pr ime i n t e r e s t  t o  t h i s  program b e c a u s e  of  
t h e i r  e f f i c i e n t  c h e l a t i o n  s i t e s  and b e c a u s e  t h e y  
are e x t r e m e l y  h y d r o p h i l i c .  More comprehens ive  
e v a l u a t i o n  o f  t hese  polymers  as s e p a r a t o r  mater- 
i a l s  has s t a r t e d .  

2 .  S e v e r a l  po lymers  c o n t a i n i n g  l i g a n d  g roups  sub-  
s t i t u t e d  on p o l y s t y r e n e  t h r o u g h  a me thy lene  
l i n k a g e  showed good s t a b i l i t y .  F u r t h e r  t e s t i n g  
o f  t h e s e  polymers  w i t h  c a t e c h o l  and 2 - p y r i d y l -  
methylamine s u b s t i t u e n t s  i s  p l a n n e d .  

‘1 
L 



3.  

4. 

5. 

6 .  

7 .  

Copolymers c o n t a i n i n g  m a l e i c  a n h y d r i d e  u n i t s  
a p p e a r  t o  have t h e  r e q u i r e d  s t a b i l i t y  when i n  
a polymer t h a t  I s  i n s o l u b l e  i n  4 0 %  KOH.  S t y r e n e -  
m a l e i c  a n h y d r i d e  i s  b e i n g  e v a l u a t e d  more e x t e n s i v e l y .  

The n i t r i l e  g r o u p s  i n  s t y r e n e - a c r y l o n i t r i l e  
copolymers  r e s i s t  h y d r o l y s i s ,  b u t  a minor  amount 
of  ammonia was produced d u r i n g  e x p o s u r e .  

Amino and s u l f o n i c  a c i d  s u b s t i t u e n t s  on p o l y -  
s t y r e n e  a r e  s t ab le ,  b u t  n i t r o  s u b s t i t u e n t s  r a p i d l y  
d e g r a d e .  

The s t a b i l i t y  of p o l y a c e t a l s  d e r i v e d  from 
p o l y ( v i n y 1  a l c o h o l )  a p p e a r s  t o  b e  l i m i t e d  by 
t h e i r  h y d r o x y l  c o n t e n t ,  and t h e y  do n o t  have  
s u f f i c i e n t  s t a b i l i t y  f o r  t h i s  a p p l i c a t i o n .  

Po ly (N-v iny l imidazo le )  r a p i d l y  d e g r a d e s  i n  
40% KOH a t  135°C. 

The r e s u l t s  o f  t h e s e  t e s t s  a re  b e i n g  u s e d  i n  two ways.  
F i r s t ,  w e  a re  p r e p a r i n g  membranes from t h e  polymer s y s t e m s  t h a t  
showed h i g h  s t a b i l i t y  i n  o u r  s c r e e n i n g  t e s t  and comprehens ive ly  
e v a l u a t i n g  t hese  membranes. I n  t h i s  work o u r  i n i t i a l  t es t s  i n -  
d i c a t e  t h a t  f i l m s  made by t h e  s a p o n i f i c a t i o n  o f  a 2 - v i n y l p y r i d i n e -  
me thy l  a c r y l a t e  copolymer-  and b y '  t h e  h y d r o l y s t s  of a S t y r e n e -  
m a l e i c  a n h y d r i d e  copolymer i n  4 0 %  KOH have a c c e p t a b l e  r e s i s t i v i t y  
and u s a b l e  mechan ica l  s t r e n g t h .  Our s c r e e n i n g  t e s t  r e s u l t s  are  
a l s o  b e i n g  used  t o  d e s i g n  copolymer sys t ems  h a v i n g  p o t e n t i a l l y  
improved b a t t e r y  s e p a r a t o r  p r o p e r t i e s  on t h o s e  p r e s e n t l y  b e i n g  
s t u d i e d .  

3 



A .  

111. DISCUSSION OF RESULTS 

S Y N T H E S I S  OF L I G A N D - C O N T A I N I N G  P O L Y M E R S  

1 .  General  

Two general methods were used to prepare the ligand-polymers. 
One method involved substitution of ligands on a polymer backbone 
by a coupling reaction. This method was used to substitute 
ligands on polystyrene via methylene, azo, or amino linkages. 
Polymers prepared by this method are described in Section III.A.2 
of this report. 

A limited amount of work was also done using this method 
to substitute ligands on poly(viny1 alcohol) by reaction with 
ligands containing aldehyde substituents to form an acetal 
polymer. This work was terminated when the results of our 
stability tests of these acetal polymers in 40% KOH showed that 
they did not have the required stability for this application. 

The second method used to prepare ligand-polymers was by 
the copolymerization of two ligand monomers to form a chelate 
group directly in the 1:l copolymer. Polymers that were prepared 
by this method are described in Section III.A.3. 

The ligand groups of primary interest for incorporation into 
these polymers are given in Table 1. These particular chelating 
groups were chosenfor the following two reasons. First, they 
form stable chelates in basic media. Second, they should have 
good stability in strong caustic at 135OC. 

2 .  S u b s t i t u t i o n  o f  Ligands on P o l y s t y r e n e  

a .  T h r o u g h  a Methylene Linkage 

Ligands were substituted on polystyrene through the methylene 
group by reactions of these ligands with chloromethylated linear 
polystyrene. This intermediate was prepared by chloromethylation 
of a 1% solution of polystyrene in dichloroethane with chloro- 
methylmethylether and a stannic chloride catalyst. The procedure 
used was that of Gregor and coworkers (ref. 1) except that we found 
it necessary to use high dilution for reactions involving high 
molecular weight polystyrene (ca. 100,000) in order to maintain 
sufficient solubility of the product and to prevent by-product 
crosslinking. Polymers prepared by this method had approximately 
40% chloromethyl substitution. 

Two reaction sequences with polyvinylbenzylchloride were 
used for substitution of the ligands. The first method involved 
the reaction of the polymer with reactive amino-substituted 
ligands. This route is illustrated in the preparation of poly- 

4 



T a b l e  1 

LIGAND G R O U P S  FOR I N C O R P O R A T I O N  I N T O  VINYL POLYMERS 

Name 

1. P y r i d i n e - a c i d s  

t 2 .  A m i n o p y r i d i n e s  

3 .  8 - H y d r o x y q u i n o l  i n e s  1 

4.  S a l i c y l i c  A c i d  

S t r u c t u r e  

OH 

a C O O H  
OH 

5 .  C a t e c h o l  

I OOH 

C O O H  

D o n o r  Groups  

N O  

N N  

N O  

0 0  

0 0  

OH 



vinylbenzyl-2-(2-pyridylethyl)amine. 
r I 

+ 

n 

1 CH2- 

Other ligand-containing polymers prepared by this route were 
polyvinylbenzyl-2-pyridylmethylamine and polyvinylbenzyl-l- 
( B  -aminoet hyl ) - 2-met hy l-2-imidazoline . 

The amino groups on 5-aminosalicylic acid and 5-t-butylamino- 
methyl-8-hydroxyquinoline were unreactive and did not yield the 
desired products. With the t-butylaminomethyl group on 8-hydroxy- 
quinoline, steric hindrance probably caused the observed low 
reactivity. Attempts were made to prepare the n-butyl-substituted 
compound. However, reaction of 5-chloromethyl-8-hydroxyquinoline 
hydrochloride with excess n-butylamine yielded only disubstituted 
product: 

O H  O H  OHC1 

bH2C1 \ p 2  p 

The Friedel-Crafts reaction was the second method used for 
reaction of ligands with p o l y v i n y l b e n z y l c h l o r i d e .  Polyvinyl- 
benzylcatechol and polyvinylbenzylsalicylic acid were prepared 
by this route using reaction conditions developed by Kun (ref. 2) 
for substitution of hydroquinone on polystyre 

n 

t ZnC1 2 

O H  
OH OOH 

O H  n 
Po 1 y v  i n y l  b e n z y l  c a t e c h o l  

6 



b. T h r o u g h  a n  A z o  L i n k a g e  

The l i g a n d s ,  8 -hydroxyqu ino l ine  and s a l i c y l i c  a c i d ,  were 
s u b s t i t u t e d  on t h e  p o l y s t y r e n e  backbond t h r o u g h  a n  a z o  l i n k a g e  
u s i n g  a r e a c t i o n  sequence  developed  by Dau ies  and co-workers  
( r e f .  3 ) .  T h i s  r e a c t i o n  sequence  i n v o l v e s  t h e  f o l l o w i n g  f o u r  
s t e p s :  

(1) N i t r a t i o n  of  p o l y s t y r e n e  t o  form p o l y  
( p - n i t r o s t y r e n e ) :  , 

( 2 )  Reduc t ion  o f  t h e  n i t r o  g r o u p s  w i t h  s t a n n o u s  
c h l o r i d e  i n  H C 1  t o  g i v e  po ly ’Gp-aminos ty rene ) .  

( 3 )  D i a z o t i z a t i o n  of t h e , a m i n o  g r o u p s ,  and 

( 4 )  R e a c t i o n  o f  t h e  d iazonium compound w i t h  
t h e  l i g a n d  i n  a b a s i c  medium a t  O - 5 O C .  

S u b s t i t u t i o n  of  t h e  l i g a n d  a t  t h e  a z o  l i n k a g e  o c c u r s  p a r a  
t o  t h e  l i g a n d  hydroxy l  g roups .  

The p r o d u c t s  p r e p a r e d  by  t h i s  sequence  from l i n e a r ,  h i g h  
m o l e c u l a r  weight p o l y s t y r e n e  were n o t  p u r e  a z o - s u b s t i t u t e d  l i n e a r  
po lymers  but c o n t a i n e d  f r e e  n i t r o  f u n c t i o n s .  These polymers  were 
i n f u s i b l e ’ a t  3 0 O O C  and p r a c t f c a l l y  i n s o l u b l e  i n  a l l  o r g a n i c  
s o l v e n t s .  It is p o s s i b l e  eo e l i m i n a t e  t h e  n i t r o  g roup  i m p u r i t i e s  
p r e s e n t  by u s i n g  a m o d i f i e d  r e a c t i o n  sequence  employing t h e  method 
o f  Zenftman ( r e f .  4) f o r  n i t r a t i ’ o n  o f  p o l y s t y r e n e .  However, because  
of  t h e  poor  mechan ica l  p r o p e r t i e s  o f  t h e s e  po lvmers ,  no f u r t h e r  
work’ i s  p l anned  w i t h  th’em. 

c .  T h r o u g h  a n  Amino  L i n k a g e  

P y r i m i d i n e  was s u b s t i t u t e d  on p o l y s t y r e n e  ( t h r o u g h  a n  amino 
g r o u p )  by r e a c t i o n  o f  2 - c h l o r o p y r i m i d i n e  w i t h  p o l y ( a m i n 0 s t y r e n e )  
i n  p y r i d i n e  t o  g i v e  a l i g a n d  s u b s t i t u e n t  w i t h  NH and N donor  
g r o u p s .  

- C H - C H 2- 

n 
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The p o l y ( a m i n o s t y r e n e )  u sed  i n  t h i s  p r e p a r a t i o n  was p r e p a r e d  by 
t h e  m o d i f i e d  r e a c t i o n  sequence  d e s c r i b e d  above and was f r e e  o f  
n i t r o  g r o u p s .  

3 .  P r e p a r a t i o n  o f  Copo lymers  

C h e l a t i o n  s i t e s  were i n t r o d u c e d  d i r e c t l y  i n t o  a polymer by 
c o p o l y m e r i z a t i o n  o f  two l i g a n d  monomers t h a t  form a c h e l a t i n g  
s i t e  i n  e a c h  1:l copolymer u n i t .  For example,  c o p o l y m e r i z a t i o n  
o f  2 - v i n y l p y r i d i n e  and m e t h a c r y l i c  a c i d  y i e l d s  a polymer w i t h  
t h i s  l i g a n d  g r o u p i n g :  

L C O O H  i n  

T h i s  copolymer was p r e p a r e d  by b u l k  p o l y m e r i z a t i o n  of  equ imola r  
amounts  of  t h e  above r e a c t a n t s  w i t h  azo-bis-isobutyronitrile 
c a t a l y s t  f o l l o w i n g  a p rocedure  d e s c r i b e d  by A l f r e y  and Morawetz 
( r e f s .  5 , 6 ) .  T h i s  p r o d u c t  polymer c o n t a i n e d  0 . 5 7 : 0 . 4 3  r a t i o  o f  
2 - v i n y l p y r i d i n e  t o  m e t h a c r y l i c  a c i d .  Data d e s c r i b i n g  o t h e r  
po lymers  o f  t h i s  t y p e  t h a t  were p r e p a r e d  a re  i n  T a b l e  2.  

T h i s  t y p e  o f  polymer was among t h e  most s t a b l e  t e s t e d  i n  
4 0 %  KOH i n  t h e  s c r e e n i n g  program. However, b o t h  t h e  above polymer 
and a polymer w i t h  a lower  a c i d  c o n t e n t  ( 0 . 7 8 : 0 . 2 2 )  formed v e r y  
b r i t t l e  f i l m s .  To overcome t h i s  d i f f i c u l t y  w e  a r e  now p r e p a r i n g  
t h e  f o l l o w i n g  t h r e e  t y p e s  o f  po lymers ,  which s h o u l d  have s u p e r i o r  
m e c h a n i c a l  t o u g h n e s s :  

1. 

2 .  

3. 

Terpolymers  d e r i v e d  f r o m ' 2 - v i n y l p y r i d i n e ,  
a c r y l i c  or m e t h a c r y l i c  a c i d ,  and a f l e x i b l e  
monomer s u c h  as b u t y l  v i n y l  e ther .  

Copolymers o f  2 - v i n y l p y r i d i n e  and me thy l  
m e t h a c r y l a t e  or methy l  a c r y l a t e  t h a t  c a n  
b e  hydro lyzed  in s i t u  i n  a f i l m  t o  form 
t h e  d e s i r e d  l igand-polymer  w h i l e  r e t a i n c n g  
f i l m  s t r e n g t h .  

Terpolymers  o f  ma le i c  a n h y d r i d e ,  2 -v iny l -  
p y r i d i n e ,  and a f l e x i b l e  l i g a n d .  
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Tolymers o f  t h e  f i rs t  t w o  t y p e s  have  been  p r e p a r e d  ( T a b l e  2 ) .  
The polymers  c o n t a i n i n g  t h e  e s t e r  g r o u p s  g i v e  v e r y  f l e x i b l e  f i l m s ,  
and one sample  f i l m  of a 2-v inylpyrzdine-methyl  a c r y l a t e  co- 
polymer was s u c c e s s f u l l y  hydro lyzed  i n  4 0 %  KOH i n  a T e f l o n  h o l d e r  
t h a t  p r e s e r v e d  f i l m  shape  d u r i n g  h y d r o l y s i s .  

4 .  P r e p a r a t i o n  o f  Monomer -L igands  

A p y r i d i n e - a c i d  l i g a n d  group w i t h  a 7-membered r i n g  can  
be i n c o r p o r a t e d  i n t o  a polymer v i a  2 - p y r i d y l a c r y l i c  a c i d .  T h i s  
monomer d o e s  n o t  homopolymerize,  b u t  i s  known t o  copolymize  
w i t h  a c r y l o n i t r i l e  ( r e f .  7 ) .  A sample o f  2 - p y r i d y l a c r y l i c  a c i d  
has been  p r e p a r e d  by r e a c t i o n  o f  2 - p y r i d i n e  a l d e h y d e  w i t h  ma lon ic  
a c i d  u s i n g  a p r o c e d u r e  d e s c r i b e d  by Marvel e t  a1 ( r e f .  7 ) .  T h i s  
monomer i s  p r e s e n t l y  b e i n g  polymer ized  w i t h  a c r y l o n i t r i l e .  
Because  of  t h e  a d v e r s e  e f f e c t  on t h e  s i l v e r  e l e c t r o d e  of  ammonia 
formed by h y d r o l y s i s  o f  n i t r i l e  g roups  i n  4 0 %  KOH,  t h e  n i t r i l e  
g r o u p s  on t h i s  polymer w i l l  be h y d r o l y z e d  b e f o r e  t e s t i n g .  

We are a l s o  a t t e m p t i n g  t o  p r e p a r e  t h e  ligand-monomer, 
2-vinyl-6-aminopyridine, by f o l l o w i n g  t h e  r e a c t i o n  sequence  
d e s c r i b e d  by C i s l a k  ( r e f .  8 ) .  

C 2 H 5 0 H  + Na N H2  ---tH2 N 

( I )  + KOH - H 2 N  O C H = C H 2  \ N 

I n i t i a l  a t t e m p t s  t o  p r e p a r e  t h e  i n t e r m e d i a t e ,  2-amino-6-ethanol- 
p y r i d i n e  ( I ) ,  y i e l d e d  o n l y  polymer ic  p r o d u c t s  t o g e t h e r  w i t h  
d i s t i l l a b l e  p r o d u c t s  t h a t  c o n t a i n e d  n e i t h e r  amino n o r  hydroxy l  
s u b s t i t u e n t s .  We w i l l  r e p e a t  p r e p a r a t i o n  o f  t h i s  i n t e r m e d i a t e  
u s i n g  d i m e t h y l a n i l i n e  as s o l v e n t  i n  p l a c e  o f  x y l e n e  s i n c e  t h i s  
s o l v e n t  r e p o r t e d l y  improves  y i e l d s  i n  t h e  a m i n a t i o n  r e a c t i o n  
( r e f .  9 ) .  
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5 .  S C R E E N I N G  TESTS F O R  P O L Y M E R  STABILITY 

1 .  T h e r m a l  S t a b i l i t y  a t  1 3 5 O C  

The thermal  s t a b i l i t y  o f  o u r  c a n d i d a t e  polymers  i s  b e i n g  
d e t e r m i n e d  by i s o t h e r m a l  g r a v i m e t r i c  a n a l y s i s .  Samples a re  
h e a t e d  a t  135OC i n  a n i t r o g e n  a tmosphe re  f o r  60 h o u r s .  The 
e x t e n t  of d e g r a d a t i o n  i s  de te rmined  by measu r ing  weight  loss and 
by compar ing  t h e  i n f r a r e d  s p e c t r a  of  t h e  polymers  b e f o r e  and 
a f t e r  e x p o s u r e .  

Tab le  3 l i s t s  da ta  f rom these  t e s t s .  It a p p e a r s  t h a t  t h e  
i n i t i a l  weight  l o s s e s  a re  due  t o  a d s o r b e d  v o l a t i l e s ,  p r i n c i p a l l y  
water, i n  t h e  samples .  Only one polymer ,  polystyrene-azosalicylic 
a c i d ,  can  be  c o n s i d e r e d  u n s t a b l e .  

2-Vinylpyridine-methacrylic a c i d  copolymer deve loped  a 
small a d s o r p t i o n  i n  t h e  i n f r a r e d  a t  5 . 6 ~  a f t e r  e x p o s u r e .  T h i s  
a d s o r p t i o n  i s  c h a r a c t e r i s t i c  of  a n h y d r i d e  g r o u p s  and i n d i c a t e s  
t h a t  t h e  polymer p r o b a b l y  dehydra t ed  s l i g h t l y  unde r  t h e  t e s t  
c o n d i t i o n s .  S i m i l a r  a n a l y s i s  o f  t h e  e t h y l e n e - m a l e i c  a c i d  
copolymer (EMA-22) i n d i c a t e d  t h a t  i t  d e h y d r a t e d  a l m o s t  q u a n t i t a t i v e l y  
t o  i t s  a n h y d r i d e  d u r i n g  t h e  t e s t .  N o  d e f i n i t e  changes  i n  polymer 
s t r u c t u r e  were d e t e c t e d  f rom i n f r a r e d  s p e c t r a  o f  o t h e r  samples  
t e s t e d .  

2. S t a b i l i t y  i n  40% K O H  a t  135°C 

a. T e s t  Procedure  

The f o l l o w i n g  p r o c e d u r e  was u s e d  to t e s t  t h e  s t a b i l i t y  o f  

(1) Powdered samples  of e a c h  polymer were immersed 

o u r  l i g a n d - c o n t a i n i n g  polymers  i n  s t r o n g  c a u s t i c .  

i n  4 0 1  KOH c o n t a i n e d  i n  a T e f l o n  l i n e d  s t a i n l e s s  
s t e e l  bomb. 

( 2 )  The bombs were heated i n  a n  oven c o n t r o l l e d  
a t  135 - + 1 . 5 O C  f o r  a t  l e a s t  6 0  h o u r s .  

( 3 )  The polymer was r e c o v e r e d  and examined.  

I n  t h i s  t e s t ,  a l l  mater ia l  t h a t  d i s s o l v e s  i n  t h e  40% KOH 
t e s t  s o l u t i o n ,  b o t h  s t a b l e  b u t  s o l u b l e  f r a c t i o n s  o f  polymer and 
s o l u b l e  d e g r a d a t i o n  p r o d u c t s ,  a re  c o n s i d e r e d  as weight  l o s t .  
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The p r o c e d u r e  f o r  r e c o v e r y  o f  t h e  polymers  n e c e s s a r i l y  
v a r i e d  because  of  t h e  d i f f e r e n t  s o l u b i l i t y  c h a r a c t e r i s t i c s  o f  
t h e  po lymers .  The f o l l o w i n g  t a b u l a t i o n  i l l u s t r a t e s  t h e  g e n e r a l  
p r o c e d u r e  used  t o  remove KOH r e s i d u e s  from t h e  r e c o v e r e d  s a m p l e s :  

Polymer Type KOH Removal Method 

A .  

B .  

C .  

W a t e r - i n s o l u b l e  M u l t i p l e  washing w i t h  water 

Water- s o l u b l  e 
1. A l c o h o l - i n s o l u b l e  M u l t i p l e  washing w i t h  a l c o h o l  
2. A l c o h o l - s o l u b l e  E x t r a c t  w i t h  o r g a n i c  s o l v e n t  and 

r e c o v e r  by e v a p o r a t i o n  o f  
s o l v e n t  

S a l t - f o r m i n g  N e u t r a l i z e  and wash f r e e  o f  s a l t s  
as f o r  A o r  B above  

The r e c o v e r e d  p r o d u c t s  were checked  f o r  p o s s i b l e  d e g r a d a t i o n  
by comparing w e i g h t ,  appea rance ,  i n f r a r e d  s p e c t r a ,  s o f t e n i n g  
p o i n t s ,  s o l u b i l i t y  c h a r a c t e r i s t i c s ,  and v i s c o s i t y  b e f o r e  and  
a f t e r  exposure .  These  d a t a  a r e  summarized i n  T a b l e  4 .  

b .  A n a l y s i s  o f  P o l y m e r s  Exposed t o  40% KOH a t  1 3 5 O C  

? ] V i n y l p y r i d i n e - ( m e t h ) a c r . v l i c  Acid C o p o l y m e r s  

Ligand-polymers  of  t h i s  t y p e  t h a t  were t e s t e d  were h i g h l y  
r e s i s t a n t  t o  4 0 %  KOH. Weight l o s s e s  were low and p r o p e r t i e s  of  
r e c o v e r e d  polymers  were e s s e n t i a l l y  unchanged.  F o r  example,  
a 0 . 5 7 : 0 . 4 3  2-vinylpyridine-methacrylic a c i d  copolymer s u f f e r e d  
o n l y  3 . 2 %  weight  loss and had i d e n t i c a l  v i s c o s i t y  i n  0 .45% 
dimethyl formamide  s o l u t i o n s  b e f o r e  and a f t e r  e x p o s u r e .  

The 2 - v i n y l p y r i d i n e - m e t h y l  a c r y l a t e  copolymer was a l s o  
r e c o v e r e d  e s s e n t i a l l y  unchanged a f t e r  exposure  e x c e p t  f o r  
s a p o n i f i c a t i o n  of  i t s  e s t e r  group.  The p h y s i c a l  p r o p e r t i e s  o f  
t h e  exposed sample were compared t o  t h o s e  o f  a sample o f  t h i s  
copolymer t h a t  was s a p o n i f i e d  i n  1N N a O H .  

A copolymer o f  ethyl-2-vinylpyridine-methacrylic a c i d  i n  
r a t i o  0 . 5 8 : 0 . 4 2  showed much h i g h e r  we igh t  l o s s  ( 1 6 . 5 % )  t h a n  o t h e r  
po lymers  of  t h i s  t y p e .  T h i s  we igh t  loss may be due  t o  loss o f  
low m o l e c u l a r  weight  s o l u b l e  p o r t i o n s  r a t h e r  t h a n  d e g r a d a t i o n  
r e s u l t i n g  f rom t h e  p r e s e n c e  of t h e  e t h y l  g roup .  P r o p e r t i e s  of  
r e c o v e r e d  polymer were e s s e n t i a l l y  unchanged.  
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Candidate  Polyner Backbones 

P o l y s t y r e n e  and poly-N-vinylcarbazole  were r e c o v e r e d  
e s s e n t i a l l y  unchanged a f t e r  exposure .  

3 )  Polys tvrenes  w i t h  Liaands on  Methvlene Linkaqe 

The methylene  l i n k a g e  on p o l y s t y r e n e  was found t o  b e  s t ab le  
u n d e r  t e s t  c o n d i t i o n s .  T h e r e f o r e ,  s c r e e n i n g  t e s t s  o f  p o l y s t y r e n e s  
c o n t a i n i n g  l i g a n d  s u b s t i t u e n t s  on a me thy lene  l i n k a g e  a p p e a r s  t o  
measure  t h e  s t a b i l i t y  o f  t h e  l i g a n d  s u b s t i t u e n t  i t s e l f .  The 
s t a b i l i t y  o f  t h e  methylene  l i n k a g e  was conf i rmed  by a l m o s t  
q u a n t i t a t i v e  r e c o v e r y  o f  p o l y v i n y l b e n z y l c h l o r i d e  a f t e r  e x p o s u r e .  
T h i s  polymer c r o s s l i n k e d  s l i g h t l y  d u r i n g  e x p o s u r e  s i n c e  t h e  
exposed  sample was i n s o l u b l e  i n  d i o x a n e  and o t h e r  s o l v e n t s  
f o r  t h e  l i n e a r  polymer.  However, t h e  i n f r a r e d  spec t rum o f  t h e  
exposed  sample showed t h a t  t h e  ma jo r  p a r t  of  t h e  c h l o r o m e t h y l  
g r o u p s  was s t i l l  p r e s e n t  ( 7 . 9 6  p). 

The f a c t  t h a t  t h i s  ch lo romethy l  group was n o t  h y d r o l y z e d  
u n d e r  t e s t  c o n d i t i o n s  i s  s u r p r i s i n g .  However, a n a l y s i s  o f  
d e g r a d a t i o n  p r o d u c t s  o f  polymers  t e s t e d  so f a r  p o i n t  up t h e  
f a c t  t h a t  40% KOH a c t s  p r i n c i p a l l y  as  a d e h y d r a t i o n  a g e n t .  Only 
v e r y  r e a c t i v e  g roups  such  as e s t e r s  and a n h y d r i d e s  h y d r o l y z e  
i n  40% KOH unde r  t h e  t e s t  c o n d i t i o n s .  

S e v e r a l  po lymers  t h a t  have me thy lene  l i n k a g e s  between t h e  
l i g a n d  g r o u p s  and t h e  polymer backbone were t e s t e d .  Two of  
t h e s e ,  poly[vinylbenzyl-l-(2-pyridylmethylamine)] and p o l y [ v i n y l -  
benzyl-l-(B-aminoethyl)-2-methyl-2 i m i d a z o l i n e ] ,  were r e c o v e r e d  
e s s e n t i a l l y  unchanged a f t e r  t h e  t e s t .  

Two o t h e r  p o l y v i n y l b e n z y l  po lymers  t e s t e d  had s l i g h t l y  
h i g h e r  weight  l o s s e s .  These  polymers  had c a t e c h o l  and 2- 
( p y r i d y l e t h y l )  amine as l i g a n d  s u b s t i t u e n t s  and l o s t  a b o u t  1 0 %  
we igh t  on e x p o s u r e .  Changes i n  s t r u c t u r e  o f  r e c o v e r e d  polymers  
d e t e c t e d  i n  t h e  i n f r a r e d  s p e c t r a  were minor .  Both polymers  
showed i n c r e a s e  i n  a b s o r p t i o n  a t  6 + 0.2p, some o f  which may be 
caused  by d i f f e r i n g  amounts of adsoFbed water on t h e s e  h y d r o s c o p i c  
po lymers .  Qu inone  f o r m a t i o n  from a i r  o x i d a t i o n  i s  a p o s s i b l e  
s o u r c e  o f  t h e s e  a b s o r p t i o n s  i n  t h e  c a t e c h o l  po lymer .  

Another  polymer o f  t h i s  t y p e ,  poly(vinylbenzylsalicy1ic 
a c i d ) ,  had a weight  l o s s  o f  1 6 % .  Changes d e t e c t e d  i n  i t s  i n f r a -  
red  s p e c t r a  i n d i c a t e  t h i s  weight  loss may be due  t o  d e c a r b o x y l a t i o n .  

3.9 



I '  4 )  O t h e r  S u b s t i t u e n t s  on Po1,ys tvrene  Backbone 

Poly(amin0styrene) and poly(aminonitrostyrene) were tested 
since unreacted amino and nitro groups are present in some 
polymers derived from poly(amin0styrene). Poly(amin0styrene) 
was stable and was recovered unchanged. The poly(aminonitr0- 
styrene) sample, however, was degraded extensively. This sample 
showed no adsorption in the infrared at 7.511 characteristic of 
the nitro group after exposure. The weight lost (28%) by the 
sample is equivalent to l o s s  of the nitro substituent from the 
polymer, but degradation was probably a complicated process 
involving partial reduction of the nitro group and oxidation 
of the polymer. The dark red coloration of the KOH solution, 
visible after the test, indicates the probable presence of 
partially reduced ionized nitrogen species (ref. 10). These 
results indicate that it is necessary to use poly(amin0styrene) 
free of all nitro groups in polymer preparations to insure 
stability, but unreacted amino groups can be tolerated. 

Two polymers with the azo linkage on polystyrene backbones 
were tested: polystyrene-azo-8-hydroxyquinoline and polystyrene- 
azosalicylic acid. Both polymers lost approximately 25% of 
their weight during 63 hours' exposure. The same samples when 
exposed to a second 63-hour cycle continued to lose weight at 
approximately the same rate. The low stability of these polymers 
may be caused, in part, by the presence of nitro substituent 
impurities. 

The sulfonic group on the polystyrene backbone appears to 
have good stability in 40% KOH. A sample of Amberlite 120 HCP 
was recovered without loss of weight. 

5 )  Polymers  C o n t a i n i n g  A c r y l o n i t r i l e  

Acrylonitrile is potentially a useful monomer for this 
program because of its ability to copolymerize with some 
monomer-ligands that do not homopolymerize. Two polymers con- 
taining acrylonitrile, a styrene-acrylonitrile copolymer 
(Monsanto CN-54) and a styrene-acrylonitrile-butadiene ter- 
polymer (Monsanto CD-600)~ were tested. Comparison of the infra- 
red spectra of exposed and fresh samples indicated that most of 
the nitrile substituent survived unchanged. Comparison of vis- 
cosity of polymer solutions and softening points of these polymers 
before and after also indicated little attack by KOH. Slight 
hydrolysis of the terpolymer did occur; the odor of ammonia was 
evident in the sample after exposure. However, the extent of 
hydrolysis of both these samples was very minor compared to that 
reported for the homopolymer, polyacrylonitrile. For example, 
Kern and Fernow (ref. 11) report hydrolysis in warm 40% NaOH of' 
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p o l y ( a c r y l o n i t r i 1 e )  1s e s s e n t i a l l y  q u a n t i t a t i v e .  The lower  
s t a b i l i t y  o f  t h e  homopolymer may b e  t h e  r e s u l t  o f  the  grea te r  
s o l u b i l i t y  o f  i t s  h y d r o l y s i s  p r o d u c t ,  po ly ( sod ium a c r y l a t e ) ,  i n  
40% c a u s t i c .  

I n  c o n c l u s i o n ,  t hese  t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  p h y s i c a l  
p r o p e r t i e s  o f  s e p a r a t o r  mater ia ls  would p r o b a b l y  n o t  be  e f f e c t e d  
a d v e r s e l y  by t h e  s t e r i l i z a t i o n  c y c l e .  However, t h e s e  ma te r i a l s  
p r o b a b l y  e o u l d  n o t  be  used  as s e p a r a t o r  mater ia ls  b e c a u s e  of t h e  
d e t r i m e n t a l  e f f e c t  o f  even s m a l l  amounts o f  ammonia on t h e  
s i l v e r  o x i d e  e l e c t r o d e .  

6) M a l e i c  A n h y d r i d e  C o p o l v m e r s  

The r e c o v e r e d ,  exposed samples of a s t y r e n e - m a l e i c  a n h y d r i d e  
copolymer had a lmos t  i d e n t i c a l  p r o p e r t i e s  t o  a sample hydro lyzed  
i n  1 N  N a O H  e x c e p t  v i s c o s i t y  was s l i g h t l y  lower .  The d i f f i c u l t y  
i n  r e c o v e r i n g  t h e s e  w a t e r - s o l u b l e  polymers  l i m i t e d  a c c u r a c y  i n  
measu r ing  weight  l o s s .  Weight l o s s  o f  a n  exposed sample  r e c o v e r e d  
by a c i d i f i c a t i o n  and washing w i t h  d i l u t e  H C 1  was 2 1 . 5 %  compared 
t o  23% for a c o n t r o l  sample hydro lyzed  i n  1N N a O H  and r e c o v e r e d  
i n  t h e  same way. 

Samples o f  e thy lene -ma le i c  a c i d  copolymer (EMA-22) and 
m e t h y l v i n y l e t h e r - m a l e i c  a n h y d r i d e  copolymer (Gan t rez  A N - 1 6 9 )  
were found t o  be  s o l u b l e  i n  4 0 %  KOH.  

7) Poly(vinylaceta1s) Derived f r o m  Polv(vinv1 a l c o h o l )  

The a c e t a l  g roup  i t s e l f ,  

a p p e a r s  s t a b l e  unde r  t h e  t e s t  c o n d i t i o n s .  However, s t a b i l i t y  
o f  t h e  a c e t a l  polymer a p p e a r s  t o  be  l i m i t e d  by d e g r a d a t i o n  o f  
u n r e a c t e d  hydroxy l  g roups  on  t h e s e  polymers .  These c o n c l u s i o n s  
a re  based on t h e  f o l l o w i n g  e v i d e n c e :  

1. The magni tude  o f  a b s o r p t i o n s  i n  t h e  i n f r a r e d ,  
a t t r i b u t e d  t o  f o r m a l  and a c e t a l  f u n c t i o n s  
( r e f .  12), are  a p p r o x i m a t e l y  t h e  same i n  t h e  
samples b e f o r e  and a f t e r  t h e  e x p o s u r e  p e r i o d ,  
a l t h o u g h  exposed samples show g e n e r a l  b r o a d e n i n g  
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3 .  

I n  

i n  t hese  r e g i o n s .  (D i sappea rance  o f  a c e t a t e  
f u n c t i o n  i s  d e t e c t e d  i n  t hese  s p e c t r a ) .  

Weight l o s s  of a l l  a c e t a l  po lymers  was a p p r e c i a b l y  
less  t h a n  weight  loss by p o l y v i n y l  a l c o h o l .  
D e g r a d a t i o n  of  p o l y v i n y l  a l c o h o l  was e x t e n s i v e  as 
shown by a weight  loss o f  4 7 %  and t h e  f a c t  t h a t  
t h e  r e c o v e r e d  p roduc t  was l a r g e l y  i n s o l u b l e  i n  
water i n d i c a t i n g  e x t e n s i v e  c r o s s l i n k i n g .  

Weight l o s s  by a c e t a l s  w i t h  d i f f e r e n t  s u b s t i -  
t u e n t s  b u t  i d e n t i c a l  a c e t a l  f u n c t i o n a l i t y  were 
abou t  t h e  same. 

h i g h e s t  
t h i s  c l a s s  o f  compounds was dropped from c o n s i d e r a t i o n .  

c o n v e n t i o n a l  methods of  p r e p a r i n g  a c e t a l  po lymers  t h e  
a c e t a l  f u n c t i o n a l i t y  o b t a i n e d  i s  80-88%. T h e r e f o r e ,  

8) Po l y - N - v i n y l p y r r o l  i d o n e  

I n  t h e  t e s t  i n  4 0 %  KOH t h i s  polymer deg raded  to an i n s o l u b l e ,  
p resumably  c r o s s l i n k e d  product  w i t h  1 6 %  loss of  w e i g h t .  I t s  
s p e c t r a  i n  t h e  i n f r a r e d  was unchanged a f t e r  e x p o s u r e  e x c e p t  f o r  
a g e n e r a l  b roaden ing .  I n  1N N a O H  t h e  p y r r o l i d o n e  r i n g  i s  
r e p o r t e d  t o  open to form an  amino a c i d  and t h e - p o l y m e r  r ema ins  
s o l u b l e  ( r e f .  1 3 ) .  

9) Po l y ( N - v i n v l i m i d a z o l e )  

A sample  o f  t h i s  polymer s u p p l i e d  by Bad i sche  A n i l i n  and 
Soda-Fabr ik  A G  l o s t  39% of i t s  we igh t  d u r i n g  e x p o s u r e  i n  4 0 %  
KOH a t  135OC. The r e c o v e r e d  f r a c t i o n  a p p a r e n t l y  was h i g h l y  
c r o s s l i n k e d  s i n c e  i t s  s o f t e n i n g  p o i n t  was h i g h e r  t h a n  t h e  f r e s h  
sample ,  and i t  was no l o n g e r  s o l u b l e  i n  water. I t s  spec t rum i n  
t h e  i n f r a r e d  was unchanged,  however. 

C .  E L E C T R I C A L  R E S I S T A N C E  OF MEMBRANES 

Our a p p a r a t u s  f o r  t e s t i n g  e l e c t r i c a l  r e s i s t a n c e  of  t h e  
membranes has been  assembled  and  i n i t i a l  t e s t s  are  b e i n g  made. 
The g e n e r a l  p r o c e d u r e  d e s c r i b e d  by S a l k i n d  and K e l l e y  ( r e f .  1 4 )  
for measur ing  e l e c t r i c a l  r e s i s t a n c e  i n  40% KOH i s  b e i n g  f o l l o w e d .  
Measurements a re  made w i t h  a Wayne-Kerr Component B r i d g e ,  
Model B522. The r e s i s t a n c e  cell i s  e s s e n t i a l l y  as d e s c r i b e d  i n  
r e f e r e n c e  1 4  b u t  i n c l u d e s  t h e  l a t e s t  improvements  made by t h e  
ESB p e r s o n n e l .  Measurements a r e  made on membranes a f t e r  s o a k i n g  

2 2  



o v e r n i g h t  i n  40% KOH. Va lues  o b t a i n e d  for membranes c a s t  from 
s o l u t i o n s  of t h e  r e s p e c t i v e  polymers  a re  l i s t e d  iii Table 5.  
Va lues  of p r e p o r t e d  here a r e  s u b j e c t  t o  some e r r o r  s i n c e  f i l m  
t h i c k n e s s  t o l e r a n c e s  were 2 t o  3 m i l s  i n  most c a s e s .  
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I V .  PROGRAM P L A N  

A .  G E N E R A L  

The overall approach to be followed in accomplishing our 
contract objectives can be divided into the following four phases: 

1. Preparation of ligand-containing polymers. 

2. Screening tests 

3. Preparation of copolymers and membranes. 

4. Comprehensive tests 

Our long-range program planning chart showing the proposed 
distribution of effort to be expended on each of these phases is 
given in Table 6. 

B.  A N T I C I P A T E D  WORK FOR N E X T  Q U A R T E R  

1. Develop polymer systems containing 2-vinylpyridine- 
acrylic acid and 2-vinylpyridine-methacrylic acid 
units with improved film-forming ability. 

2. Start comprehensive evaluation of these and other 
polymers that showed promise in the screening tests. 

3. Continue to screen new candidate polymers for thermal 
stability at 135OC and for stability in 40% KOH at 
135OC. 
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